A response surface method using a central composite design was employed to evaluate, model and optimize the influence of five main factors in the gold cyanidation process. These factors were pH, solid percentage, NaCN concentration, particle size and leaching time. A second-order equation was proposed and developed for the relationship between the gold recoveries and influential factors. The modelling results indicated that the factors influencing the degree of cyanide leaching of gold were in the order of leaching time > NaCN concentration 2 > particle size > pH > NaCN concentration > leaching time 2 > solid percentage × particle size > solid percentage × NaCN concentration > solid percentage. Also, we obtained a coefficient of determination (R 2 ) greater than 93%, which showed that the developed model was well fitted to the experimental data. In addition, the model equation was individually optimized by using quadratic programming to maximize gold recoveries within the experimental range. The optimum condition was found to be pH 10.11 for the solution, 36.07% for the solids content, 729.56 ppm for the NaCN concentration, 37.52 µm for the particle size and 23.2 h for the leaching time. Under these conditions, the highest recovery of gold was achieved of approximately 91.5%.
A response surface method using a central composite design was employed to evaluate, model and optimize the influence of five main factors in the gold cyanidation process. These factors were pH, solid percentage, NaCN concentration, particle size and leaching time. A second-order equation was proposed and developed for the relationship between the gold recoveries and influential factors. The modelling results indicated that the factors influencing the degree of cyanide leaching of gold were in the order of leaching time > NaCN concentration 2 > particle size > pH > NaCN concentration > leaching time 2 > solid percentage × particle size > solid percentage × NaCN concentration > solid percentage. Also, we obtained a coefficient of determination (R 2 ) greater than 93%, which showed that the developed model was well fitted to the experimental data. In addition, the model equation was individually optimized by using quadratic programming to maximize gold recoveries within the experimental range. The optimum condition was found to be pH 10.11 for the solution, 36 .07% for the solids content, 729.56 ppm for the NaCN concentration, 37 .52 µm for the particle size and 23.2 h for the leaching time. Under these conditions, the highest recovery of gold was achieved of approximately 91.5%.
Introduction
Gold, a high value element widely distributed in a number of geological environments in recoverable amounts, has been known to mankind for millennia.
2015 The Author(s) Published by the Royal Society. All rights reserved.
Due to continued buoyant demand and a relatively high stable price, gold has been the focus of intense activity in the areas of exploration and metallurgy [1, 2] . Over the past decades, the demand for gold (Au) has steadily increased and has reached approximately 4 Mt yr −1 in recent years [3, 4] . Conventionally, gold ores are treated with dilute alkaline cyanide solution in the presence of oxygen to solubilize the gold. The dissolved gold is then precipitated by zinc dust treatment. This is the well-known McArthur-Forrest-Merrill Crowe process [1] . Cyanidation is, undoubtedly, still the most important and widespread of the various hydrometallurgical technologies used in the extraction of gold and silver from primary ores and concentrates. Used for over 100 years, the popularity of cyanidation is based mostly on the simplicity of the process, yet, despite this fact, the reactions involved are not fully understood [5] . In fact, today, cyanidation is the only choice for the recovery of gold from low-grade and finely disseminated gold ores in both technological and economical respects. Two of the main advantages of cyanidation are the selectivity of free cyanide for gold dissolution and the extremely high stability of the cyanide complex [6] . The most important disadvantages of this process are the toxicity and disposal problems of leaching wastes into the environment unless the necessary precautions are taken. In recent years, thiourea, thiosulfate, chlorine and acid leaching methods have been developed as an alternative to cyanidation, but none of these has yet gained industrial application [7] [8] [9] [10] . Gold cyanidation follows an electrochemical-chemical reaction between cyanide and gold at the particle surface and throughout the particle porous volume [12] :
The cyanidation process is affected by a number of influential parameters, such as the availability of oxygen at the solid-liquid interface, the pH and Eh of the solid-solvent suspension, the presence of ions other than CN − in solution, the cyanide concentration, the particle size of the mineral, the temperature, the surface area of gold exposed, the purity of the gold, the mineralogical characteristics of the ore, the salinity of the water, the degree of agitation and mass transport [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . Many studies have been carried out on the effects of these factors in the cyanidation process, but little attention has been given to assessing the influence of the interaction of these factors or the modelling and optimization of the cyanidation process. Hence, this study was focused on the modelling and optimization of some of the parameters affecting the gold cyanidation process. This research was carried out on Aghdareh gold ore. The Aghdareh mine and gold processing plant is located 32 km from Takab city in the western Azerbaijan province, Iran, at 46 • 58 30 N and 36 • 39 29 E. The grade of gold ore is 3 ppm. Also, cyanide leaching is used to process gold in the Aghdareh mine [23] . The main problem in extraction is achieving an acceptable separation of Au from its ore. Thus, the effects of the main controllable parameters affecting gold recovery are evaluated, discussed and optimized. In this study, an experimental design technique, the response surface method (RSM) using central composite design (CCD), was employed to model, optimize and evaluate the effects and interactions of the operational parameters on recovery of Au in the cyanide leaching process.
Methodology
Process optimization has become one of the most important activities in this competitive industry. The high cost of research and development has resulted in the use of a design of experiments (DOE) method to minimize the number of tests as well as to determine the optimal values of the parameters influencing the cyanidation process. Therefore, different DOE methods have been developed in the last two decades [24] [25] [26] [27] [28] . The general practice for determining the important process parameters for cyanidation is to vary one parameter and keep the others constant.
The statistical design of experiments is widely used for controlling the effects of parameters in many processes. Its usage decreases the number of experiments, the time required and the material resources. Furthermore, analysis carried out on the results is easily realized and rspa.royalsocietypublishing.org Proc. R. Soc. A 
experimental errors are minimized. Statistical methods measure the effects of change in operating variables on the process as well as their mutual interactions [24] . The statistical design of experiments is used when several factors have to be studied in order to determine their main effects and interactions. The experiments can be conducted in an organized manner and can be analysed systematically to obtain much needed information. The information can be used to optimize the process [22, [24] [25] [26] [27] 29] .
RSM is an effective statistical technique. RSM involves a combination of mathematical and statistical techniques based on the multi-variate nonlinear model in which all factors are varied over a set of experimental runs. This technique is useful for developing, improving and optimizing processes and can be used to evaluate the relative significance of some factors even in the presence of complex interactions [24, 30] . RSM also quantifies the relationship between the controllable input parameters and the response surfaces obtained [31] . The most popular RSM method is the CCD [24, 30] . It gives almost as much information as a three-level factorial, requires many fewer tests than the full factorial design and has been shown to be sufficient to describe the majority of steady-state process responses [22] . Hence, in this study, we used CCD to design the experiments. Generally, this design consists of the following parts: (i) a full or fractional factorial point, (ii) star or axial points at a specific distance from the centre, and (iii) a centre point.
Experimental section (a) Materials
In order to conduct the experiments on cyanide leaching, the required samples were obtained from the crushing circuit input of the Aghdareh gold mine. The samples were prepared after two stages of laboratory comminution, which included crushing and milling. First, the samples were crushed in a jaw crusher. Then samples were ground in a laboratory ball mill. The representative sample contained 1.17 ppm Au.
Sodium cyanide was applied as a leaching agent. In addition, Ca(OH) 2 was used as a pH modifier to maintain the pH at the targeted value during leaching.
(b) Methods (i) Cyanide leaching experiments
The cyanidation experiments were carried out in a tumble bottle at ambient temperature under different conditions including pH of 10-11.5, solids content of 30-45%, sodium cyanide concentration of 500-900 ppm, particle size of 37-100µm and leaching time of 12-30 h. For each test, a 300 g representative sample was selected. First, the pulp was prepared in the tumble bottle and the pH was adjusted using Ca(OH) 2 to the targeted value, then the sodium cyanide (prepared by Merck & Co.) was added to the pulp and the pulp was mixed. There were some holes in the bottle cap to aerate the pulp. After each experiment, the sample was filtered and the liquid phase was analysed for the gold content and free cyanide. The gold was analysed by means of a PerkinElmer 200 atomic absorption device after extraction of gold with the solvent diisobutyl ketone, and the mercury was analysed with a UV device. Also, for the determination of free cyanide in solution, titration was employed with standard silver nitrate (0.01 M) and potassium iodide (10%) as indicator.
Results and discussion (a) Statistical analysis
Since the aim of this study was to evaluate the effects of selected parameters on the cyanidation process of gold, the recoveries of gold were considered as the main quality indices in the leaching results given below. Firstly, according to CCD, a series of 45 experiments including a two-level randomized 2 5−1 fractional factorial design with three centre points and 10 axial runs were designed and carried out based on the important factors that affect the cyanide leaching process. The variables and levels of 2 5−1 CCD are presented in table 1. The variables studied were the effect of alkalinity (pH), solids content, NaCN concentration, particle size and leaching time. The other operating parameters, such as temperature, dissolved oxygen concentration and stirring speed, were maintained constant. In this research, experimental data were analysed using DESIGN-EXPERT (DX) software (Demo v. 7 .0.0, Stat-Ease, Inc.). Table 2 shows the results of a CCD of cyanide leaching tests on the gold ore samples and the responses measured and predicted for each experiment.
The experimental data were analysed statistically, the results of which are presented in tables 3 and 4. Table 3 shows the results of the statistical analysis for the selection of a model at the 95% confidence level (p-value < 0.05).
The statistical analysis of models for the recovery of gold indicated that a quadratic model was the best model with a p-value of 0.2339 (for lack of fit), a coefficient of determination (R 2 ) of 0.9528 and an adjusted R 2 of 0. 9135. In addition, the effects of the factors and also the interactions between factors were quantified and interpreted. The results obtained from the statistical analysis are summarized in table 4 . The results shown in table 4 were obtained after fitting a quadratic second-order model and applying a multiple regression analysis using the DX software based on an RSM CCD according to the following equation:
where k, β 0 , β i , x i and x j , β ii , β ij and ε represent the number of variables, a constant term, the coefficients of the linear parameters, the variables, the coefficients of the quadratic parameter, the coefficients of the interaction parameters and the residual associated with the experiments, respectively [32] . Consequently, based on the fit of equation (4.1), the model equation representing the gold recovery (Y) was expressed as functions of pH (A), solids content (B), NaCN concentration (C), leaching time (D) and particle size (E) for coded units as given below:
Furthermore, table 4 shows the results of the analysis of variance for important operational factors in the cyanidation process of gold. According to the analysis of variance, the F-value for the overall regression model (53.42) is significant at the 5% level and the lack of fit is insignificant (3.58), indicating that the second-order model with interaction is very adequate in approximating the response surface of the experimental design. In addition, the R 2 was used to check the ability of models to predict the response (gold recovery) accurately. The coefficient of determination was found to be 0. 9321 . This indicates that the model can explain 93.21% of the variability in response. Adequate precision measures the signal-to-noise ratio, and a ratio greater than 4 is desirable. In this case, a ratio of 29.55 was achieved. This indicates that the model has an adequate signal and can be used to navigate the design space.
In addition, the analysis of variance was employed for the determination of significant variables. The regression analysis of the experimental design shows that the linear model terms of A, B, C, D and E, the quadratic model terms of C 2 and D 2 and the interactive model terms of BC and BE are significant (p < 0.05).
Also, the predicted values of recoveries were obtained using the regression model suggested (table 2) and are plotted versus experimental data in figure 1. As observed in figure 1 , the predicted values are in good agreement with the measured values (R 2 predicted value of 0.885).
(b) Effect of the operating parameters studied and their interactions
Main effects (perturbation), which is simulations from equation (4.1) and table 4, were used to show the effects of important parameters on gold recovery, as illustrated in figure 2 .
It can be seen from figure 2 that gold dissolution increases significantly by increasing the leaching time. A linear relationship can also be observed between gold recovery and the solids percentage, alkalinity (pH) and particle size. Gold recovery reduced with increasing pH. According to Esmkhani et al. [33] this behaviour may be due to OH − ions adsorbed on the surface of the gold which prevent cyanide accessing the gold [33] . It may also be attributed to increasing Au recovery (%) Figure 2 . The effect of the main parameters (pH, solids percentage, NaCN concentration, particle size and leaching time) on gold recovery.
the rate of reaction competition by, for example, sulfide dissolution and other types of reactions in the reaction of gold dissolution [34] . According to Marsden & House [19] , usually the solids content in the leaching process is 35-50%. Increasing the solids concentration increases the retention time [19] . In addition, increasing the solids content reduces the consumption of reagents and consequently the same level of gold recovery can be achieved with a lower volume of solution per tonne of ore. It can be seen from figure 2 and table 4 that changing the solids content of the pulp is statistically significant, but, in practice, it had only minor effects on the recovery of gold. Probably, the range chosen for this parameter was too small to have any confidence in the outcome of the tests. It can be seen that increasing the solids content decreases the recovery of gold into the concentrate (figure 2).
The cyanidation method is used for particle sizes of less than 200 µm [35] . It can be seen from the results shown in figure 2 that gold recovery increases by reducing the particle size. This may be caused by the fact that, at smaller particle size, the particle contact area between the solid and liquid phases will be increased and consequently this will increase the gold dissolution rate [36] . However, it is noted that the gold dissolution rate may be decreased by decreasing the particle size and this may be due to increasing the rate of reaction competition and also increasing cyanide consumption. In addition, decreasing particle size is associated with increased grinding costs [19] .
Furthermore, according to the results shown in figure 2 , the Au recovery was enhanced by increasing the cyanide concentration to a certain value, but that with further increases in the cyanide concentration the Au recovery reduced. Therefore, it can be seen that consumption of non-optimal cyanide can have a negative effect on gold recovery.
As mentioned earlier, according to statistical analysis (table 4) , interactions between the solids percentage and the NaCN concentration and between the solids percentage and the particle size were significant. Figure 3 indicates the interactive effect between the solids content and the NaCN concentration and between the solids content and the particle size. As can be seen, at high concentrations of NaCN and low levels of particle size, increasing the solid content results in reducing the gold recovery, whereas at low concentrations of NaCN and high levels of particle size, the increase in solid content leads to an increase of gold recovery.
In addition, in order to gain a better understanding of the main and interaction effects of factors on gold recovery, contour and three-dimensional response surface plots were constructed based on the suggested regression model (equation (4.1)) . The results are shown in figures 4-6, in which two parameters were varied within the experimental range, while other factors were fixed at the centre level. The shapes of the contour and response surface plots show the nature and extent of the interactions of the different components. the solids percentage and gold recovery. It can also be seen that there is an optimum value for NaCN concentration and lower or higher concentrations of cyanide than the optimum value have a negative influence on gold leaching. This conclusion is in good agreement with that reported by other researchers [20, [36] [37] [38] . Kondos et al. [37] have concluded that using an excess of cyanide results in unnecessary cyanide consumption and has no beneficial effect on gold extraction [37] . The excess cyanide will consume more cyanide because of the formation of cyanocomplexes from impurities. Figure 5 demonstrates the gold recovery as a function of the pH and leaching time when other variables are held constant at their centre level. As can be seen, the Au recovery is strongly affected by the leaching time. It can be seen that the leaching time has the most influence on gold leaching. In addition, the recovery of gold reduces with increasing pH in the range investigated. It is obvious that the high gold recovery is achieved at the highest leaching time and the lowest pH value. According to Marsden & House [19] , this is due to an increase in the rate of competing reactions such as dissolution of sulfides and other reactive species [19] . On other hand, Ellis & Senanayake [17] have reported that cyanide leaching at high pH is able to minimize the formation of hydrogen cyanide [17] . In addition, the decrease in solution pH causes a decrease in the free cyanide ion (CN − ) concentration, resulting in an increase in NaCN consumption and in the production of poisonous HCN gas [39] . Therefore, the optimum pH for leaching should be derived. Figure 6 shows the response surface of gold recovery ((a) contour plot; (b) three-dimensional plot) as a function of the particle size and NaCN concentration at the centre levels. It is obvious that the high gold recovery is achieved at the centre level of NaCN. It is also found that smaller particle size can improve the gold leaching rate. This is because a smaller particle size provides a larger contact surface area between Senanayake solid and Senanayake liquid and therefore increases the gold extraction rate.
(c) Optimization of gold leaching conditions
One of the main aims of this study was to find the optimum value of process parameters to maximize gold recovery from the mathematical model equation suggested in this study (equation (4.2) ). In order to find the optimum conditions of gold leaching with the highest rate of extraction (gold recovery), numerical optimization was carried out using DX software, which is demonstrated in figure 7 . It was found that the maximum gold recovery could be obtained of approximately 91.5%, with a desirable value of 100%, by numerical optimization. The predicted optimum conditions are as follows: solution pH of 10.11 , solids content of 36.07%, NaCN concentration of 729.56 ppm, particle size of 37.52 µm and leaching time of 23 .85 h. To validate the suggested model, three extra cyanidation tests were conducted at the predicted optimum conditions to maximize gold recovery. The experimental conditions were: pH of 10, solids content of 36%, NaCN concentration of 730 ppm, particle size of 37 µm and leaching time of 24 h. Under these conditions, the recovery of gold was 91.25%. This value is in good agreement with the value obtained from the defined model.
Conclusion
Modelling and optimization of cyanide leaching of gold from the Pouya Zarkan Aghdareh gold mine were performed using RSM based on CCD. The quadratic mathematical model for the recovery of gold was established using sets of experimental data and ANOVA. The influential factors investigated in the cyanide leaching process of gold included the solution pH, the solids percentage, the NaCN concentration, the particle size and the leaching time. The following conclusions can be drawn from this work:
(i) The RSM can be considered to be a powerful tool in optimization of the cyanidation process. A second-order model, representing the gold recovery expressed as a function of the influential factors, was developed by computer simulation by applying a leastsquares method using DX7 software based on RSM-CCD. It was found that the model could explain 93. (ii) The results showed that the linear effects of all of the factors, the interaction effects of the solids percentage with NaCN concentration and the solids percentage with particle size, and the quadratic effects of the NaCN concentration and the leaching time were significant for gold recovery. It was distinguished that the degree of influence of the important factors was in the order of: leaching time > NaCN concentration 2 > particle size > pH > NaCN concentration > leaching time 2 > solid percentage × particle size > solid percentage × NaCN concentration > solid percentage. ( iii) The suggested model equation was optimized individually using quadratic programming to maximize the objective function (gold recovery) within the experimental range studied. The optimum conditions determined using DX software were as follows: solution pH of 10.11 , solids percentage of 36.07 (%), NaCN concentration of 729.56
